Introduction
Many applications of lasers require subnanosecond optical pulses with peak powers of several kilowatts and pulse energies of several microjoules. The most common method of producing subnanosecond pulses is to modelock a laser, generating a periodic train of short pulses with an interpulse period equal to the round-trip time of the laser cavity, typically 10 ns. Because of the large number of pulses produced each second, even lasers with high average powers (10 W or greater) do not produce much energy per pulse. Energetic pulses can be produced by Q switching. However, the size of conventional Q-switched lasers, along with their physics, precludes producing subnanosecond pulses.1) Extremely short, high-energy pulses can be obtained from Qswitched modelocked lasers or amplified modelocked lasers. Both of these approaches require complicated systems, typically several feet long and consuming several kilowatts of electrical power, and are therefore expensive.
The short cavity lengths of Q-switched microchip lasers allow them to produce pulses with a duration comparable to that obtained with modelocked systems. At the same time, they take full advantage of the gain medium's ability to store energy. Actively Q-switched microchip lasers, pumped with a 0.5-W diode laser, have produced pulses as short as 115 ps with peak powers of tens of kilowatts and pulse energies of several microjoules.2) For proper Q switching, these lasers require high-speed, highvoltage electronics. A passively Q-switched microchip laser does not require any switching electronics,3) thereby reducing system size and complexity, and improving power efficiency. Pumped with a 1.2-W diode laser, passively Q-switched microchip lasers produce pulses as short as 218 ps with peak powers in excess of 25 kW at pulse repetition rates greater than 10 kHz. More recently, passively Q-switched microchip lasers have been pumped with up to 15 W from a diode-laser array, and produced 380-ps pulses with peak powers in excess of 560 kW at pulse repetition rates up to 1 kHz. All of these devices oscillate in a single, transform-limited longitudinal mode, and produce a diffraction-limited, linearly polarized, circularly symmetric Gaussian beam. The optical head of a passively Q-switched microchip laser can be mass produced in a robust package occupying a volume of between 1 cm3, for a 1.2-W-pumped infrared device, and 40 cm3, for a 15-W-pumped ultraviolet device. The only input to the optical head is a multimode optical fiber carrying the diodelaser pump radiation. The combination of short pulse duration, high peak power, and good beam quality, coupled with their simplicity, small size, and low cost, makes passively Q-switched microchip lasers attractive sources for a wide range of applica-
tions.
This paper reviews the passively Q-switched microchip lasers developed at MIT Lincoln Laboratory, and discusses several applications for these enabling devices.
Concept
The principle behind the operation of a passively Q-switched laser is that an intracavity saturable absorber prevents the onset of lasing until the average inversion density within the cavity reaches a critical threshold value. The onset of lasing, at that point, produces a high intracavity optical field that saturates the saturable component of the optical loss, increasing the cavity Q and resulting in a Q-switched output pulse. Increasing the pump power above threshold changes the pulse repetition rate, but leaves the rest of the pulse parameters unchanged, and the pulse amplitude and pulse width are extremely stable.
In their simplest embodiment, the passively Q-switched mi- Fig.1 .
The composite structure is polished flat and parallel on the two faces normal to the optic axis. The pump-side face of the gain medium is coated dielectrically to transmit the pump light and to be highly reflecting at the oscillating wavelength. The output face is coated to be partially reflecting at the lasing wavelength and provides the optical output from the device. The infrared laser is completed by dicing the wafer into small squares, typically 1 to 2 mm on a side. The YAG cavity is then mounted on an appropriate heatsink and pumped with the output of a fibercoupled diode laser or diode-laser array. The simplicity of the passively Q-switched microchip laser and its small amount of material give it potential for inexpensive mass production; nearly monolithic construction results in robust devices. The fabrication technique described above is used in all of the MIT Lincoln Laboratory devices discussed below. Alternative approaches include the use of a single material that acts as both the gain medium and the saturable absorber,4'5) the growth of one material on the other,6) and the use of semiconductor saturable absorbers.7-8)
Infrared Passively Q-Switched Microchip Lasers
The low-power passively Q-switched microchip lasers (LPMCL-1, LPMCL-2, LPMCL-3, LPMCL-4, and LPMCL-5) were designed to be pumped with a 1.2-W fiber-coupled semiconductor diode laser. These devices have the simplest possible cavity configuration, containing only the gain medium and the saturable absorber. A generalized schematic of these devices is shown in Fig.1 , with the corresponding device parameters listed in Table 1 . A photograph of a device is shown in Fig.2 . The faces of the composite material system are polished flat, to a parallelism of better than 10 grad. The input coating, deposited on the Nd:YAG, is antireflecting at the pump wavelength (808 nm) and highly reflecting ( > 99.9 %) at the oscillating wavelength (1.064 lam). The output coating on LPMCL-1 has a reflectivity of 80 % at the oscillating wavelength; the output coating on the rest of the low-power 1.064-1,im devices has a reflectivity of 85 %. Cavity lengths vary from 0.75 to 2 mm.
By keeping the cavity as short as possible, the pulse duration is minimized and the peak power is maximized. 1,3)
LPMCL-1, LPMCL-2, and LPMCL-3 are pumped by bonding the microchip laser directly to the ferrule of an SMA- kHz. Devices using semiconductor saturable absorbers have demonstrated shorter pulses, with durations as short as 56 ps. 8, 9) These devices also have much less pulse energy, with a reported value of 62 nJ. LPMCL-2 has a slightly longer output pulse 
